In this paper, an all-optical photonic crystal-based switch containing a graphene resonant ring has been presented. The structure has been composed of 15 × 15 silicon rods for a fundamental lattice. Then, a resonant ring including 9 thick silicon rods and 24 graphene-SiO 2 rods was placed between two waveguides. The thick rods with a radius of 0.41a in the form of a 3 × 3 lattice were placed at the center of the ring. Graphene-SiO 2 rods with a radius of 0.2a were assumed around the thick rods. These rods were made of the graphene monolayers which were separated by SiO 2 disks. The size of the structure was about 70 µm 2 that was more compact than other works. Furthermore, the rise and fall times were obtained by 0.3 ps and 0.4 ps, respectively, which were less than other reports. Besides, the amount of the contrast ratio (the difference between the margin values for logics 1 and 0) for the proposed structure was calculated by about 82%. The correct switching operation, compactness, and ultra-fast response, as well as the high contrast ratio, make the presented switch for optical integrated circuits.
Introduction
In recent years, increased demand for ultra-fast processing systems has necessitated the development of optical devices. Many attempts have been accomplished to introduce all-optical structures that allow circuits operating at a frequency of terahertz. Achieving a high data transferring rate with a possibility for integration is among the important issues in designing all-optical circuits [1, 2] .
Photonic crystals (PCs) were initially and simultaneously proposed by Yablonocvitch [3] and John [4] in 1987. PCs are structures composed of periodic layers with different dielectric constants and demonstrate useful characteristics such as photonic band gap (PBG) [3] , slow light regime [5] [6] [7] , and self-collimation [8] [9] [10] [11] . Because of their compact size and the aforementioned properties, they are promising candidates in realizing all-optical devices such as optical waveguides [10] [11] [12] , filters [13] [14] [15] [16] [17] [18] , demultiplexers [19] [20] [21] [22] [23] [24] [25] , switches [26] [27] [28] [29] [30] , logic gates [31] [32] [33] [34] [35] [36] , encoders [37] [38] [39] [40] [41] [42] , decoders [43] [44] [45] [46] [47] [48] , and analog-to-digital converters [49] [50] [51] [52] [53] [54] .
In photonic integrated circuits (PICs), optical switches play a crucial role in guiding light to the desired directions. Generally, optical switches include ring resonators, input and output ports that drop light with a particular wavelength. PCs-based switches have been accomplished by using the Kerr nonlinear effect [28, 55] . Hache et al. developed the first concept using the Kerr nonlinearity effect in PIC. The proposed structure included two materials, Si and SiO 2 , with a 1.5 µm stop band and 18 Gw/cm 2 functional power. Although their structure shed light in the all-optical circuits area, the level of power was not applicable for PICs [56] . Another optical switch suggested by Alipour-Banaei et al.
Materials and Methods
The primary structure includes a lattice of 15 × 15 rods in air background where the lattice constant is 558 nm. So, the overall size of the structure is about 70 µm 2 . The refractive index of rods is 3.46, and the radius of rods for the fundamental structure is 0.2a, where a is the lattice constant. To calculate the band structure, the plane wave expansion (PWE) method is used [71] . According to the band structure (as shown in Figure 1 ), two PBGs at TE mode are obtained for 0.29 ≤ a/λ ≤ 0.42 and 0.725 ≤ a/λ ≤ 0.74 where λ is the wavelength. So, for 1290 nm ≤ λ ≤ 1990 nm optical waves could not be allowed for propagation throughout the structure. Including the third optical communication window, the last interval is used for the proposed device.
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where n1 is the linear refractive index, is the impedance, and is the nonlinear susceptibility. The nonlinear susceptibility has been described as follows [65] :
where ω is the frequency and dg is the thickness of the graphene monolayer. The dielectric constant is defined as [72] :
where ε0 is the dielectric constant of SiO2, d is the width of SiO2 layer and equal to 1 nm. The dynamical conductivity of the graphene (σg) is defined by the following equation [72] :
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where n 1 is the linear refractive index, η is the impedance, and χ (3) is the nonlinear susceptibility. The nonlinear susceptibility has been described as follows [65] :
where ω is the frequency and d g is the thickness of the graphene monolayer. The dielectric constant is defined as [72] :
where ε 0 is the dielectric constant of SiO 2 , d is the width of SiO 2 layer and equal to 1 nm. The dynamical conductivity of the graphene (σ g ) is defined by the following equation [72] :
where e is the electron charge, K B is the Boltzmann constant, and µ is the chemical potential. Changing the refractive index of the nonlinear rods results in changing the effective index of the ring resonator, and hence, the switching operation could be approached. The more nonlinear coefficient for graphene in comparison with chalcogenide and nanocrystal [60, 62] assists in reducing the needed optical power for switching. In this study, with respect to the aforementioned issue, the graphene was used in the ring resonator to propose a low-threshold all-optical switch. Furthermore, the high contrast ratio for digital applications as the difference between the normalized power margins for logic 0 and 1 is another advantage of the presented structure.
Results
To simulate the optical wave propagation throughout the proposed structure, the finite difference time domain (FDTD) method was used [74] . According to the Courant condition, it was assumed as follows [74] :
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Discussion
Approaching the fast response of a switch is one of the main challenges for designing different switched-based applications. Furthermore, the small size of the structure results in it being capable of being considered for integrated circuits. Also, the low power and high contrast ratio are other important parameters for designing different switches. Some attempts have been done to improve the characteristics of optical switches [61, 75] .
In this study, a graphene-based all-optical switch has been presented in Section 2. Figures 5 and  6 demonstrate the correct operation of the switch. To assess this work, the obtained results have been compared with references [57] [58] [59] [60] in Table 1 .
As presented in Figure 6 , the time analysis shows that the proposed switch is faster than the one in other works [60] . Approaching the amount of 0.3 ps and 0.4 ps for rise and fall times is the main advantage of this work. Because of the large nonlinear coefficient of graphene in comparison with materials such as chalcogenide, silicon, nanocrystals, and gallium arsenide, the needed threshold intensity for switching operation in this study has been reduced to 0.235 W/µm 2 in comparison to references [57] [58] [59] [60] . This is another advantage of the graphene-based switch. Furthermore, the size of the proposed structure is less than the one in references [57] [58] [59] [60] . It is obvious that the compactness of the switch is necessary for use in optical integrated circuits. value to 10% of it. Comparing the obtained times with the ones in other works [75] demonstrates that the proposed graphene-based switch is faster than them. This characteristic is an essential factor in optical switching applications. 
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In this study, a graphene-based all-optical switch has been presented in Section 2. Figures 5 and 6 demonstrate the correct operation of the switch. To assess this work, the obtained results have been compared with references [57] [58] [59] [60] in Table 1 . As presented in Figure 6 , the time analysis shows that the proposed switch is faster than the one in other works [60] . Approaching the amount of 0.3 ps and 0.4 ps for rise and fall times is the main advantage of this work. Because of the large nonlinear coefficient of graphene in comparison with materials such as chalcogenide, silicon, nanocrystals, and gallium arsenide, the needed threshold intensity for switching operation in this study has been reduced to 0.235 W/µm 2 in comparison to references [57] [58] [59] [60] . This is another advantage of the graphene-based switch. Furthermore, the size of the proposed structure is less than the one in references [57] [58] [59] [60] . It is obvious that the compactness of the switch is necessary for use in optical integrated circuits.
Contrast ratio of the output ports is calculated at 82%. The presented switch covers the high contrast ratio while this parameter has not been reported in references [57] [58] [59] [60] . Besides all of these advantages, tuneability of some electrical and optical parameters for graphene is a principal characteristic for designing photonic crystal-based devices. Changing the refractive index of graphene in response to electric field affects optical power transmission toward the output ports. Also, the resonant frequency (or wavelength) of the switch could be changed to reach the desired value after the fabrication process.
Conclusions
In this study, a photonic crystal-based structure was proposed as an all-optical switch. Using the graphene-SiO 2 stacks as rods in the resonant ring, switching operation was correctly approached. The rise and fall times of the device were obtained by 0.3 ps and 0.4 ps, respectively, that were less than the ones in other reports. The size of the presented structure was just about 70 µm 2 and hence was smaller than the one in the aforementioned works of Section 1. The high nonlinear coefficient of the graphene resulted in a decreasing of the needed optical intensity to 0.235 W/µm 2 for switching operation in comparison with other works. Furthermore, simulation results showed the contrast ratio of the switch was about 82%. In respect of the obtained results, it can be concluded that the presented all-optical switch is capable of consideration for optical integrated circuits.
